Introduction
============

Osteoarthritis (OA) is the most common form of joint disease, leading to chronic pain, stiffness, and disability [@B1]. Several factors, such as mechanical stress and pro-inflammatory cytokines, are considered to contribute to disruption of cartilage homeostasis and initiation of cartilage damage in OA [@B2],[@B3]. Cartilage has a very limited ability for self-repair and although current cell therapies, such as autologous chondrocyte implantation, give satisfactory results for the treatment of focal cartilage defects, cell-based treatments for OA are more challenging due to disturbed joint homeostasis and ongoing cartilage degradation [@B4], [@B5]. Therefore, at the moment we lack effective disease-modifying medical therapy for OA.

Recently, human multipotent mesenchymal stromal (stem) cells (MSC) have entered clinical trials as a novel, less invasive therapy for cartilage defects and OA [@B6], [@B7]. MSC are a promising alternative for current therapies as they are more likely to control the imbalance between anabolic and catabolic processes in an OA joint, thanks to their immunomodulatory and regenerative capacities [@B8]-[@B10]. Although the results of this novel treatment are promising, the fate of MSC *in vivo* and the molecular mechanism underlying their beneficial effects in cartilage repair remain unclear. Increasing evidence suggests that the therapeutic efficacy of MSC depends on paracrine signaling [@B11], [@B12] and more recently their therapeutic potential has been attributed to the secretion of extracellular vesicles (EVs) [@B13]-[@B15]. EVs are secreted by all cell types and range in size from 40-100 nm (exosomes) and from 100-1000 nm (microvesicles). Exosomes are formed by the invagination of the limiting membrane of multivesicular bodies (MVBs), which are part of the cellular endo-lysosomal system. Upon fusion of MVBs with the plasma membrane, exosomes are released into the extracellular environment. Microvesicles bud directly off the plasma membrane. EVs exert many of their functions as an intercellular shuttle, carrying cargo such as protein and RNA to be transferred from one cell to another [@B16]. Although long anticipated, it has only recently been reported that EVs can target specific cell types e.g. tumor-derived exosomes interacting with immune cells [@B17]-[@B19].

EVs released by MSC increasingly appear to play an important role in intercellular communication and tissue repair. MSC-EVs have been shown to exert immunomodulatory properties *in vitro*, and to some extent also possess regenerative properties in a mouse model of myocardial ischemia/reperfusion injury, a rat skin wound model and a rat osteochondral defect model [@B14], [@B15], [@B20].

In this study we investigated the regenerative and immunomodulatory potential of EVs secreted by human bone marrow derived MSC (BMMSC) in chondrocytes from OA patients using an*in vitro* human cartilage repair model [@B21]. Our data show that BMMSC-EVs downregulate tumor necrosis factor alpha (TNF-alpha) induced expression of pro-inflammatory cyclooxygenase-2 (COX2), pro-inflammatory interleukins and collagenase activity in OA chondrocytes. The anti-inflammatory effect of BMMSC-EVs involves the inhibition of NFκB signaling, activation of which is an important component of OA pathology. We also demonstrate that treatment of OA chondrocytes with BMMSC-EVs from independent allogeneic BMMSC donors induces production of proteoglycans and type II collagen and promotes proliferation of these cells. Thus, our findings indicate that BMMSC-EVs have ability to promote human OA cartilage repair by reducing the inflammatory response and stimulation of OA chondrocytes to produce extracellular matrix, the essential processes for restoring and maintaining cartilage homeostasis.

Materials and Methods
=====================

Donors
------

Cartilage was obtained from redundant material from five female and three male patients (age 57 - 80, average 71 years) who had undergone total knee arthroplasty. The anonymous collection of this material was performed according to the Medical Ethics regulations of the University Medical Center Utrecht and the guideline \'\'good use of redundant tissue for research\'\' of the Dutch Federation of Medical Research Societies [@B22], [@B23].

Cell isolation and expansion
----------------------------

Cartilage samples were rinsed in phosphate-buffered saline (PBS), cut into small pieces and subjected to sequential treatments of Dulbecco\'s modified Eagle\'s medium (DMEM, Gibco, Paisley, UK) supplemented with 1% fetal bovine serum (FBS, HyClone, Logan, UT), 100 U/mL penicillin, 100 mg/mL streptomycin (all from Gibco) and 2.5% (w/v) Pronase E (Sigma, St. Louis, MO) for 1 h, then with DMEM supplemented with 25% FBS, 100 U/mL penicillin, 100 mg/mL streptomycin and 0.125% (w/v) collagenase (CLS-2, Worthington, Lakewood, NJ) for 16 h at 37°C. Chondrocytes were expanded in DMEM supplemented with 10% FBS (HyClone, Logan, UT), 100 U/mL penicillin, and 100 mg/mL streptomycin and used at passage two. The MSCs used are classified as ATMPs and manufactured in the GMP-licensed Cell Therapy Facility, Department of Clinical Pharmacy of the University Medical Center Utrecht. Briefly, bone marrow aspirates were obtained from third-party non-HLA-matched healthy donors as approved by the Dutch Central Committee on Research Involving Human Subjects (CCMO, Biobanking bone marrow for MSC expansion, NL41015.041.12). The bone marrow donor or the parent or legal guardian of the donor signed the informed consent approved by the CCMO. Bone marrow was separated using a density gradient centrifugation (Lymphoprep, Axis Shield). MSCs were isolated by plastic adherence and expanded using the MC3 systems and α-minimal essential medium (α-MEM) with l-glutamine from Macopharma supplemented with 5% platelet lysate and 3.3 IU/mL heparin up to passage 3 [@B7]. Characterization of MSCs fits the internationally convened minimal criteria for these cells [@B41]. The ATMP MSCs used for extracellular vesicles production in this study were obtained from surplus cells of one male and one female donor used for the IMPACT trial (NCT02037204) [@B7] and cultured for additional passages (passage 4-7) in α-MEM (Gibco Invitrogen, Carlsbad, CA, USA) supplemented with 5% human platelet lysate (PL), 100 U/mL penicillin and 100 μg/mL streptomycin (Gibco Invitrogen) and 10 U/mL heparin and maintained at 37 ºC and 5% CO~2~. The PL was depleted from PL-derived extracellular vesicles by overnight centrifugation at 100,000 × g.

*In vitro* cartilage regeneration assay
---------------------------------------

Cells were cultured in fibrin glue constructs. Per donor the following was performed: For the fibrin glue constructs, passage two chondrocytes were resuspended in a 1:15 diluted fibrinogen component of Beriplast (Baxter) using PBS and 50 µL was injected in a 96-well plate and combined with a 1:50 diluted component of thrombin, resulting in 100 µL constructs containing 0.25 x 10^6^ cells per construct. Chondrocytes were subsequently cultured in 24-well plate in DMEM supplemented with 2% insulin-transferrin-selenium (ITS)-X (Invitrogen), 2% ASAP, 2% human serum albumin (Sanquin Blood Supply Foundation), and 1% penicillin/streptomycin (100 U/mL, 100 mg/mL).

*In vitro* inflammation assay
-----------------------------

Chondrocytes were cultured in monolayer at 37°C and 5% CO~2~ at a seeding density of 25,000 cells/cm^2^ in medium consisting of DMEM supplemented with 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin. After pre-incubation for 24 h, cells were treated with 10 ng/mL TNF-alpha (Immunotools).

Glycosaminoglycan analysis
--------------------------

After 4 weeks of culture, samples were digested overnight in a papain digestion buffer (250 mg/mL papain (Sigma-Aldrich), 0.2 M NaH2PO4, 0.1 M EDTA, 0.01 M cysteine) at 60°C before quantification of the sulphated glycosaminoglycans (GAG) content with a 1,9-dimethylmethylene blue (DMMB) assay. The absorption ratio was set at 540-595 nm using chondroitin-6-sulfate (Sigma-Aldrich) as a standard. DNA content in the papain digests was determined using a Picogreen DNA assay (Invitrogen) according to the manufacturer\'s instructions.

Quantitative real-time PCR
--------------------------

Total RNA was isolated from the cells using TRIzol (Invitrogen) according to the manufacturer\'s instructions. Total RNA (200-500 ng) was reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Real-time polymerase chain reactions (PCRs) were performed using FastStart Universal SYBR Green Master mix (Roche Diagnostics) in a LightCycler 96 (Roche Diagnostics) according to the manufacturer\'s instructions. Quantification was performed relative to the levels of the housekeeping gene 18S and normalized to control conditions. The data analysis was performed using the 2-ΔΔCT method [@B25]. The primer sequences are listed in the table in [Supplemental Material](#SM0){ref-type="supplementary-material"} and Methods. The amplified PCR fragment extended over at least one exon border (except for 18S).

Proliferation
-------------

To test for proliferation in monolayer cultures, 10 μM 5-ethylnyl-2\'-deoxyuridine (EdU, Invitrogen) was supplemented to the culture medium. After 5 days, medium was aspirated, cells were washed with PBS, formalin fixed for 15 min and permeabilized. EdU was visualized using Click-iT EdU Alexa Fluor 488 Imaging kit (Invitrogen) according to the manufacturer\'s instructions. Cells were photographed using an EVOS FLoid Cell Imaging microscope and analyzed in ImageJ.

For fibrin glue constructs in regeneration cultures, an AlamarBlue assay (10% (w/v) resazurin (Alfa Aesar, Thermo Scientific) was performed to measure metabolic activity according to manufacturer\'s protocol.

Collagenase activity assay
--------------------------

To analyze collagenase activity, the Enzchek Gelatinase/Collagenase Assay Kit (Invitrogen) was used according to the manufacturer\'s instructions. DQ Collagen Fluorescein conjugate was added to undiluted conditioned medium. This was incubated for 4 h at ambient temperature, protected from light. The fluorescence was measured at 480 nm.

Histological analysis
---------------------

Samples were dehydrated using graded alcohol steps, immersed in xylene, embedded in paraffin, and cut into 5 mm sections. To evaluate the proteoglycan content, 0.125% safranin-O (Merck counterstained with Weigert\'s hematoxylin \[Klinipath\], 0.4% fast green \[Merck\]) staining was used. Type II collagen deposition was determined by immunohistochemistry. Antigen retrieval was performed by subjecting the sections to 1 mg/mL pronase (Sigma-Aldrich) for 30 min at 37°C, followed by 10 mg/mL hyaluronidase (Sigma-Aldrich) incubation for 30 min at 37°C. Subsequently, the sections were blocked using a 5% bovine serum albumin (BSA) in PBS solution for 1 h, followed by an overnight incubation at 4°C with a primary antibody against human type II collagen (mouse anti-human type II collagen, II-II6B3, 1:100 dilution in PBS-BSA-5%; Developmental Studies). After washing, the slides were incubated with a horseradish peroxidase-conjugated anti-mouse secondary antibody (1:100 dilution in PBS-BSA-5%) for 60 min at ambient temperature. Immunoreactivity was visualized using 3,3\'-diaminobenzidine (DAB, Sigma-Aldrich). The sections were counterstained with Mayer\'s hematoxylin.

Extracellular vesicles isolation
--------------------------------

To isolate extracellular vesicles, the conditioned medium from cultured human BMMSCs was subjected to differential centrifugation as described before [@B26]. In short, cells were removed by two sequential centrifugations at 200 × g for 10 min. Collected supernatant was subsequently centrifuged two times at 500 × g for 10 min, followed by 10,000 × g for 45 min. Vesicles were finally pelleted by ultracentrifugation at 100,000 × g for 16 h in SW28 or SW32Ti rotor (Beckman) followed by washing in PBS containing 0.5% BSA and pelleting in SW40 or SW60 rotor (Beckman).

Sucrose density gradient and Western blotting
---------------------------------------------

Extracellular vesicles isolated by differential centrifugation were suspended in 250 μL PBS-2.5M sucrose, loaded in a SW60 tube and overlaid with 15 successive 250 mL layers of 20 mM Tris pH 7.4 containing decreasing concentrations of sucrose (from 2 to 0.4 M). Tubes were centrifuged for 16 h at 200,000 × g at 4°C. Fractions of 250 μL were collected and sucrose density was measured using a refractometer. Fractions were mixed 1:1 with Laemmli sample buffer and incubated for 5 min at 95°C, followed by SDS-page and Western blotting analysis using standard procedures. In brief, proteins were transferred to polyvinylidene difluoride (PVDF) membrane (Millipore) and incubated with the following antibodies: mouse anti-CD9 (1:1000; Biolegend), mouse anti-CD63 (1:1000; Abcam) and rabbit anti-calnexin (1:1000; Abcam). Membranes were washed, incubated with appropriate peroxidase-conjugated secondary antibodies and developed by ELC (Amersham Pharmacia).

For assessment of IκBα phosphorylation, chondrocytes were cultured in 6-well plates in monolayer at a seeding density of 25,000 cells/cm^2^. After 24 h pre-incubation with BMMSC-EVs from BMMSC donor 3, cells were treated with 10 ng/mL TNF-alpha (Immunotools). Directly after treatment, cells were lysed with Laemmli sample buffer containing Halt^TM^ Protease Inhibitor Cocktail and a Halt^TM^ phosphatase inhibitor cocktail (Thermo Scientific) and incubated for 5 min at 95°C, followed by SDS-page and Western blotting analysis using standard procedures. For detection of phosphorylated IκBα, mouse anti- IκBα (ser32/36) (1:1000; Cell Signaling) was used, and for detection of tubulin, mouse anti-tubulin (Sigma-Aldrich (T9026)) was used, followed by incubation with appropriate peroxidase-conjugated secondary antibodies and developed by SuperSignal West Dura Extended Duration Substrate (ThermoFisher).

Nanoparticle Tracking Analysis
------------------------------

Size distribution of isolated EVs and EV quantification was determined by NTA using NanoSight NS500 instrument (Malvern Instruments Ltd, Malvern, UK), equipped with sCMOS camera. Data was analyzed with the NTA software version 3.1. (build 3.1.54), with detection threshold set to 5, and blur and Max Jump Distance set to auto. Samples were diluted 200- or 400-fold with PBS to reach optimal concentration for instrument linearity. Readings were taken at a camera level set to 13 and with manual monitoring of temperature.

Immuno-Electron microscopy
--------------------------

Immuno-EM analysis of whole-mount BMMSC-EVs was performed as previously described [@B26]. BMMSC-EVs were isolated by differential centrifugation followed by sucrose density gradient purification. Fractions corresponding to the densities 1.072-1.0899 g/mL, 1.1082-1.972 g/mL and 1.2025-1.2575 g/mL were pooled and pelleted by centrifugation at 100,000 × g for 16 h. The pellets of purified EVs were fixed in 2% paraformaldehyde and mounted on formvar/carbon-coated TEM grids. EVs were labelled with mouse anti-CD9 (1:100; Biolegend) or mouse anti-human CD63 (1:300; DSHB Hybridoma Product H5C6, deposited by August, J.T. / Hildreth, J.E.K.) followed by rabbit anti-mouse (1:200, Rockland, 610-4120) and Protein A coupled to 10 nm colloidal gold (1:50, CMC, UMC Utrecht), contrasted with uranyl oxalate (pH 7), and then contrasted-embedded in a mixture of 2% methyl cellulose/4% uranyl acetate (pH 4). Grids were imaged at 80 kV with a Tecnai T-12 Transmission Electron Microscope (FEI). Size of individual vesicles was measured in at least 5 different frames using FIJI [@B27].

Uptake of BMMSC-EVs by OA chondrocytes
--------------------------------------

BMMSC-EVs were isolated from TERT-BMMSC previously generated from primary BMMSC in our laboratory [@B28], and were labeled with carboxyfluorescein diacetate succinimidyl-ester (CFSE) (Invitrogen) as previously described [@B29]. Briefly, EVs collected after ultracentrifugation at 100,000 × g were incubated with 20 μM CFSE for 60 min at 37°C in a final volume of 30 μL PBS containing 0.5% BSA. Labeled EVs were further diluted with 95 μL PBS containing 0.5% BSA and subjected to sucrose density gradient purification. Subsequently, fractions corresponding to the densities 1.072-1.0899 g/ml, 1.1082-1.972 g/ml and 1.2025-1.2575 g/ml were pooled and pelleted by centrifugation at 100,000 × g for 16 h. Chondrocytes from OA patients were plated on glass coverslips and incubated with CFSE-labelled BMMSC-EVs in humidified chamber for 30 min at 37°C followed by fixation in 0.1 M phosphate buffer containing 4% paraformaldehyde for 15 min at room temperature and permeabilization with 0.1% Triton X-100 for 5 min. Thereafter, chondrocytes were analyzed by immunofluorescence and confocal microscopy.

Confocal microscopy
-------------------

For BMMSC-EV uptake analysis, fixed OA chondrocytes were incubated with 2% BSA for 30 min followed by 1 h incubation with a rabbit anti-EEA1 antibody (1:200; Cell Signaling) and mouse anti-LAMP-1 (1:400, BD Pharmigen) followed by subsequent incubation with a donkey-anti-rabbit antibody labelled with DyLight 549 (Jackson) and a goat-anti-mouse antibody labelled with DyLight 649 (Jackson), respectively. For nuclear staining, DAPI was used. Images were recorded on a Zeiss LSM 700 confocal microscope (Germany). The collected z-stacks were 0.36 μm.

For NFκB p65 nuclear translocation analysis OA chondrocytes were cultured in 6-well plates and plated on glass coverslips, fixed directly after treatment in 0.1 M phosphate buffer containing 3.7% formaldehyde for 15 min at room temperature and permeabilized with 0.1% Triton X-100 for 5 min. Thereafter, cells were incubated with 2% BSA for 30 min followed by 1 h incubation with a rabbit anti-NFκB p65 antibody (1:100; Cell Signaling) and subsequent incubation with a goat-anti-rabbit-Ig antibody labelled with Alexa 681 (Molecular Probes). For nuclear staining, DAPI was used. Images were recorded on a Zeiss LSM 700 confocal microscope (Germany). The quantification of NFκB p65 positive nuclei was done using the ImageJ Plugin "Cell counter". The NFκB p65 positive nuclei were calculated as percentage of total nuclei labelled with DAPI.

Statistical analysis
--------------------

Unpaired or paired two-sided student\'s test was used to calculate statistical differences. A P-value of \<0.05 was considered statistically significant.

Results
=======

Bone marrow derived MSC from two independent healthy donors secrete extracellular vesicles positive for exosomal markers
------------------------------------------------------------------------------------------------------------------------

Bone marrow derived MSC, similar to other cell types in the body, secrete different subsets of extracellular vesicles. So far the immunomodulatory and/or tissue repair properties of BMMSC-EVs have been attributed to the EV subset referred to as exosomes [@B13]-[@B15],[@B20],[@B30]. We undertook a detailed characterization of BMMSC-EVs from two independent healthy BMMSC donors. The BMMSC-EVs were isolated by a well-established differential centrifugation method and our analyses were focused on the EV population pelleted by ultracentrifugation at 100,000 × g. Western blot analysis of BMMSC-EVs subjected to sucrose density gradient revealed that they are positive for exosomal markers such as tetraspanins CD9 and CD63 **\[Figure [1](#F1){ref-type="fig"}A\]**. BMMSC-EVs from both donors floated at the densities ranging from 1.14 g/mL to 1.22 g/mL, previously reported to contain exosomes. CD63 signal was more abundant in higher density fractions (1.18 g/mL to 1.22 g/mL), while CD9 signal was also detected with high intensity in fractions corresponding to densities of 1.15 g/mL and 1.16 g/mL. All fractions were negative for calnexin, an integral protein of endoplasmic reticulum, confirming the purity of the isolated EVs.

BMMSC-EVs were heterogeneous in size, as determined by electron microscopy and nanoparticle tracking analysis **\[Figure [1](#F1){ref-type="fig"}B and Figure [S1](#SM0){ref-type="supplementary-material"}A-C\]**. The sizes of EVs positive for CD9 and CD63 ranged between 40 nm and 150 nm, corresponding to sizes previously reported for exosomes. We also detected BMMSC-EVs, which were negative for exosomal markers **\[Figure [S1](#SM0){ref-type="supplementary-material"}C\]**. Some, but not all, of these EVs were larger than 150 nm.

Taken together, these data show that EVs isolated from BMMSC donors are heterogeneous in size and are positive for exosomal markers.

Osteoarthritic chondrocytes internalize bone marrow MSC-derived EVs
-------------------------------------------------------------------

We hypothesized that BMMSC-EVs interact with chondrocytes from osteoarthritic patients to modulate cartilage regeneration. To test this, BMMSC-derived EVs were labeled with carboxyfluorescein diacetate succinimidyl-ester (CFSE), a membrane permeable nonfluorescent compound that becomes fluorescent after cleavage of its acetate groups by intracellular esterases [@B29], and incubated with OA chondrocytes. BMMSC-EVs not only interacted, but were taken up by OA chondrocytes after as short as 30 min of incubation, as shown by Z projections of the imaged cells **\[Figure [2](#F2){ref-type="fig"}\]**. CFSE-labeled BMMSC-EVs co-localized with late endosomal marker LAMP-1, but showed little or no co-localization with early endosomal marker EEA1, indicating that BMMSC-EVs were rapidly internalized by OA chondrocytes and already after 30 min of incubation were present in the late endosomal compartment of these cells.

These data indicate that bone marrow MSC secrete EVs that interact and are rapidly taken up by chondrocytes that come from an osteoarthritic joint.

BMMSC-EVs inhibit TNF-alpha-induced inflammatory effects in chondrocytes derived from osteoarthritic patients
-------------------------------------------------------------------------------------------------------------

One of typical OA symptoms is synovial inflammation [@B31]. Elevated levels of synovial pro-inflammatory cytokines, such as TNF-alpha, activate chondrocytes to produce pro-inflammatory mediators and stimulate continues cartilage degradation. An important pro-inflammatory factor present in the inflamed OA joint is prostaglandin E2, which is produced by cytokine-stimulated expression of cyclooxygenase 2 (COX2) [@B32]. Thus, increased COX2 gene expression is a hallmark of OA chondrocytes.

To test whether BMMSC-EVs could inhibit progressing of OA cartilage inflammation, we mimicked the inflammatory conditions by stimulating OA chondrocytes with TNF-alpha. TNF-alpha treated cells were incubated for 48 h with BMMSC-EVs or with conditioned medium from BMMSC (BMMSC-CM), which was used for EV isolation, or with BMMSC conditioned medium depleted of EVs (BMMSC-EDCM) as a control, and COX2 gene expression was analyzed. Treatment with BMMSC-EVs from two independent donors significantly downregulated TNF-alpha-induced COX2 expression **\[Figure [3](#F3){ref-type="fig"}A\]**. The effect of MSC-EVs was less prominent then the downregulation of COX2 expression by BMMSC-CM, suggesting that, secondary to BMMSC-EVs, there are additional factors present in BMMSC-CM that contribute to its anti-inflammatory potential. Importantly, the depletion of EVs from BMMSC-CM resulted in significantly lower inhibition of COX2 expression, indicating that EVs are an important component of BMMSC anti-inflammatory paracrine signaling **\[Figure [3](#F3){ref-type="fig"}A\]**. Next, we tested whether BMMSC-EVs could also inhibit expression of other pro-inflammatory mediators previously demonstrated to be important for progressing cartilage degradation [@B33], [@B34]. Indeed, BMMSC-EVs downregulated expression of pro-inflammatory interleukins, namely: IL-1 alpha, IL-1 beta, IL-6, IL-8 and IL-17, further corroborating the important anti-inflammatory role of BMMSC-EVs in OA chondrocytes **\[Figure [3](#F3){ref-type="fig"}B\]**.

TNF-alpha upregulates collagenases, which play a major role in cartilage degradation in OA [@B35], [@B36]. To test whether BMMSC-EVs also have an inhibitory effect on cartilage degradation, collagenase activity was measured in the conditioned medium of OA chondrocytes treated with TNF-alpha and incubated with BMMSC-EVs. TNF-alpha increased collagenase activity, which could be inhibited by the addition of BMMSC-EVs **\[Figure [3](#F3){ref-type="fig"}C\]**.

An important consequence of progressing cartilage inflammation is reduced chondrocyte proliferation and increased apoptosis. To investigate whether BMMSC-EVs have an effect on OA chondrocyte proliferation, the TNF-alpha treated cells were incubated with BMMSC-EVs and their proliferation was assessed by EdU analysis. Treatment with BMMSC-EVs induced proliferation of OA chondrocytes and abrogated the inhibitory effect of TNF-alpha on this process **\[Figure [3](#F3){ref-type="fig"}D\]**. We have not observed a significant effect of BMMSC-EVs on TNF-alpha induced chondrocyte apoptosis, as determined by cleaved caspase-3 levels (data not shown).

Together, these data show that BMMSC-EVs have anti-inflammatory effect in TNF-alpha stimulated chondrocytes from OA patients.

BMMSC-EVs inhibit TNF-alpha-induced pro-inflammatory NFκB signaling in OA chondrocytes
--------------------------------------------------------------------------------------

NFκB signaling is the major signaling pathway activated by TNF-alpha in OA chondrocytes [@B37], [@B38]. To understand whether the anti-inflammatory effect of BMMSC-EVs, could be mediated through the regulation of NFκB activity, we treated TNF-alpha-stimulated OA chondrocytes with BMMSC-EVs and analyzed the subcellular localization of the p65 subunit of NFκB. As expected, treatment of OA chondrocytes with TNF-alpha induced translocation of p65 from cytoplasm to nucleus suggesting NF κB activation, which could be abrogated by BMMSC-EVs \[**Figure [4](#F4){ref-type="fig"}A and B**\]. To further substantiate these data, we tested whether phosphorylation of IκBα, an inhibitory subunit of NFκB, that promotes the activation of NFκB transcriptional activity, could be blocked by BMMSC-EVs. Indeed, TNF-alpha-induced phosphorylation of IκBα in OA chondrocytes was inhibited by treatment with BMMSC-EVs **\[Figure [4](#F4){ref-type="fig"}C\]**.

These data demonstrate that the anti-inflammatory effect of BMMSC-EVs involves inhibition of NFκB signaling pathway.

BMMSC-EVs promote proteoglycan and type II collagen production by osteoarthritic chondrocytes
---------------------------------------------------------------------------------------------

To investigate the effects of BMMSC-EVs on cartilage regeneration by chondrocytes from an osteoarthritic joint, the cells were cultured in fibrin constructs and treated with BMMSC-EVs for 28 days. Treatment with MSC-EVs was repeated every 5 days to ensure the presence of active extracellular vesicles in the cultures, as EVs stability at 37°C is limited [@B39]. BMMSC-EVs significantly improved the content of proteoglycans in the newly formed tissue after 28 days, as shown by safranin-O stainings \[**Figure [5](#F5){ref-type="fig"}A**\], and as demonstrated by quantitative biochemical measurement of GAG amount per cell **\[Figure [5](#F5){ref-type="fig"}B and Figure [S2](#SM0){ref-type="supplementary-material"}\]**. Importantly, treatment of OA chondrocytes with BMMSC-EVs induced gene expression of aggrecan, the major proteoglycan in articular cartilage, further corroborating the beneficial effect of BMMSC-EVs on proteoglycan production in OA patient cells **\[Figure [5](#F5){ref-type="fig"}C\]**. The production of type II collagen, another essential component of articular cartilage, was also upregulated by treatment with BMMSC-EVs, as verified by immunohistochemistry analysis **\[Figure [6](#F6){ref-type="fig"}A\]** and COL2A1 gene expression in 28 day OA chondrocyte cultures **\[Figure [6](#F6){ref-type="fig"}B\]**.

To address the specificity of BMMSC-EV effect, OA chondrocytes were treated with BMMSC-CM and BMMSC-EDCM. BMMSC-CM induced production of proteoglycans and type II collagen to a similar extent as BMMSC-EVs **\[Figure [5](#F5){ref-type="fig"}A, B; Figure [S2](#SM0){ref-type="supplementary-material"}A and Figure [6](#F6){ref-type="fig"}A\]**, and this effect was significantly inhibited when EVs were removed from BMMSC-CM. These data indicate that BMMSC-EVs are an essential component of BMMSC paracrine signaling promoting proteoglycans and type II collagen production by OA chondrocytes.

To gain more insight into the mechanism by which BMMSC-EVs promote production of cartilage components, the expression levels of genes previously shown to play important role in chondrogenesis were measured [@B40]. BMMSC-EVs from 2 different donors increased gene expression levels of both SRY-box 9 (SOX9) and Wnt family member 7A (WNT7A) **\[Figure [6](#F6){ref-type="fig"}C\]**. SOX9 is a chondrogenic transcription factor, whereas WNT7A is upregulated in transforming growth factor-beta (TGF-beta)-induced chondrogenesis [@B41]. Importantly, treatment of OA chondrocyte with BMMSC-EVs resulted in downregulated expression of genes involved in hypertrophy, namely runt related transcription factor 2 (RUNX2), type X collagen (COL10A1) and alkaline phosphatase (ALP) **\[Figure [6](#F6){ref-type="fig"}D\]**.

Next we asked whether treatment with BMMSC-EVs had an impact on proliferation of OA chondrocytes during regeneration. Indeed, BMMSC-EVs promoted proliferation of OA chondrocytes in monolayer culture **\[Figure [6](#F6){ref-type="fig"}E\]**. In regeneration cultures, this was indirectly supported by an increase in DNA content **\[Figure [6](#F6){ref-type="fig"}F\]**. BMMSC-EVs induced an increase in DNA content, albeit not as strong as they stimulated the production of extracellular matrix components of OA cartilage. The increase in proliferation of OA chondrocytes was also more dependent on other secreted factors present in BMMSC-CM, as depletion of BMMSC-EVs from BMMSC-CM led to a significant but small reduction of BMMSC-CM effect **\[Figure [6](#F6){ref-type="fig"}F\]**. Importantly, the overall metabolic activity was also increased in regeneration cultures treated with BMMSC-EVs **\[Figure [6](#F6){ref-type="fig"}E\]**.

Taken together, these data demonstrate that treatment with BMMSC-EVs promotes OA cartilage regeneration.

Discussion
==========

Osteoarthritis is one of the most prevalent joint diseases and a major public health problem. It is characterized by progressive articular cartilage destruction and synovitis [@B42],[@B43]. Current therapies attempt to relieve the symptoms, but they cannot stop or reverse the ongoing cartilage degeneration [@B4],[@B44]**.** The ideal treatment aiming for an optimal OA joint repair should promote regenerative properties of chondrocytes and fight destructive effects of inflammation. In this study we show for the first time that extracellular vesicles derived from BMMSC may fulfil these requirements. Our data demonstrate that BMMSC-EVs have an anti-inflammatory effect on TNF-alpha-stimulated OA chondrocytes. We also provide evidence that BMMSC-EVs induce production of crucial extracellular matrix components of OA chondrocytes, proteoglycans and type II collagen, a process that is essential for proper cartilage regeneration.

The BMMSC-EVs from two independent bone marrow MSC donors tested in our study showed similar characteristics regarding the presence of surface markers (CD63 and CD9), size and flotation density in sucrose gradient. All reported features of BMMSC-EVs from both donors corresponded to those previously shown for exosomes [@B45]-[@B47]. In line with the absence of detected differences in the BMMSC-EVs derived from two BMMSC donors, we found no significant differences in both anti-inflammatory and pro-regenerative effects of BMMSC-EVs from these two donors on OA chondrocytes. The only exception was slightly stronger induction of proteoglycan production by BMMSC-EVs from BMMSC donor two in OA chondrocytes \[Figure [5](#F5){ref-type="fig"}B\]. Screening of more BMMSC-EVs donors should facilitate defining whether this minor difference in the BMMSC-EVs effect on proteoglycan production is a more general phenomenon that results in real functional differences between EVs from different BMMSC donors and may be important for future clinical application of BMMSC-EVs.

This study is the first to show the interaction between human BMMSC-EVs and chondrocytes from OA patients. Our data demonstrate that OA chondrocytes internalize BMMSC-EVs by endocytosis, as CFSE labeled vesicles co-localized with the late endocytic marker LAMP-1 after 30 min of co-incubation with the cells. This suggests that by BMMSC-EV uptake, chondrocytes might utilize protein, RNA or other types of cargo transferred by BMMSC-EVs and initiate specialized signaling to facilitate OA cartilage repair. Future experiments are necessary to identify the precise molecular mechanism governing BMMSC-EV-mediated effects on OA chondrocytes.

MSC-EVs have been shown to possess immunomodulatory properties *in vitro* and also in the first-in-man study, where these vesicles were used to treat severe therapy-refractory GvHD patient [@B13],[@B48]. Indeed, our data also demonstrate that BMMSC-EVs from two independent BMMSC donors inhibited TNF-alpha-induced expression of COX2 and expression of pro-inflammatory interleukins in OA chondrocytes, indicating their significant anti-inflammatory potential in cartilage cells. Our study also shows that treatment with BMMSC-EVs inhibits TNF-alpha-induced collagenase activity and promotes OA chondrocytes proliferation, the crucial processes for retaining cartilage homeostasis. Although, BMMSC-EVs stimulated an almost 2-fold reduction in COX2 expression, their relative contribution to the effect of the total MSC secretome was smaller compare to their strong regenerative properties. The other, as yet unidentified, secretory factors present in BMMSC-CM seem to play, next to EVs, an important role in BMMSC immunomodulatory effects on OA chondrocytes. However, analysis of BMMSC-EVs\' impact on immune cells present in synovial fluid and immune cells penetrating joint synovial tissue of OA patients, such as macrophages, should give a more complete picture of BMMSC-EVs anti-inflammatory properties.

Our study is the first to shed light on the molecular mechanism behind the anti-inflammatory effects of BMMSC-EVs on OA chondrocytes. We show that BMMSC-EVs suppress the phosphorylation of IκBα, an inhibitory subunit of NFκB, and prevent its translocation to the nucleus, thus abrogating its transcriptional activity. This corresponds with BMMSC-EVs-mediated inhibition of collagenase activity and downregulation of expression of interleukins and COX2, which are established targets of NFκB signaling in OA chondrocytes [@B49].

Production of essential extracellular matrix components, such as proteoglycans and type II collagen, is crucial for proper cartilage regeneration [@B50]-[@B53]. Treatment of OA chondrocytes with BMMSC-EVs induced the synthesis of these important cartilage constituents in our *in vitro* cartilage repair model [@B21], indicating that BMMSC-EVs can indeed promote cartilage regeneration. Importantly, this effect was specific to BMMSC-EVs as depletion of BMMSC-EVs from BMMSC conditioned medium strongly inhibited the BMMSC-CM-mediated proteoglycans and type II collagen production by OA chondrocytes. Our report is the first to show the specificity of BMMSC-EVs regenerative effects and our data are the first to assess the real contribution of BMMSC-EVs in the effect mediated by the total MSC secretome. Previous studies have solely focused on showing the regenerative potential of isolated MSC-derived vesicles alone *in vivo* [@B14],[@B15],[@B20],[@B54],[@B55]. However, these reports have not investigated what is the impact of EVs with regard to other factors secreted by MSC.

Our data demonstrate that treatment with BMMSC-EVs upregulates *SOX9* and *WNT7A* expression in OA chondrocytes, suggesting that these factors are involved in the effect of BMMSC-EVs on cartilage regeneration. In line with the induced SOX9 expression, BMMSC-EVs have downregulated genes involved in hypertrophic differentiation, namely *RUNX2, COL10A1* and *ALP* [@B56], [@B57]. This suggests that BMMSC-EVs not only promote chondrogenesis but also inhibit hyperthophic differentiation of chondrocytes.

Besides stimulation of extracellular matrix production, treatment of OA chondrocytes with BMMSC-EVs induced proliferation of these cells, an effect that was only partially inhibited by the depletion of EVs from BMMSC conditioned medium. This indicates that other factors in BMMSC secretome also contribute to the control of OA chondrocytes proliferation. Likewise, a recent study demonstrated that fibroblast growth factor 1 secreted by BMMSC can promote proliferation of chondrocytes [@B58].

Taken together, the data presented here demonstrate for the first time that BMMSC-EVs have both regenerative and immunoregulatory properties in human OA cartilage. The dual potential of BMMSC-EVs makes them a promising candidate for an optimal therapy for OA, which should promote cartilage repair and inhibit ongoing cartilage degradation. Additionally, BMMSC-EVs-based therapy seems to carry less safety risk, since EVs, in contrast to cells, cannot replicate or become transformed. Therefore, BMMSC-EVs could be administered at earlier stages of OA to improve joint homeostasis and prevent OA from further development. This would potentially lower or delay the necessity of surgery for these patients. In cases of advanced OA, BMMSC-EVs could be used to improve the joint condition and might need to be supplemented with other treatment approaches such as cell-transplantations or joint distraction, as there is hardly any cartilage left in late-stage OA joints. However, BMMSC-EV therapy has little precedence, thus its ethical status needs to be clearly defined before it can be introduced to clinics. This may require more in-depth characterization of BMMSC-EVs regarding their RNA and protein content.
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α-MEM

:   α-minimal essential medium

BMMSC

:   bone marrow derived MSC

BMMSC-CM

:   conditioned medium from BMMSC

BMMSC-EDCM

:   BMMSC conditioned medium depleted from EVs

CFSE

:   carboxyfluorescein diacetate succinimidyl-ester

COX2

:   cyclooxygenase-2

DMMB

:   1,9-dimethylmethylene blue

EVs

:   extracellular vesicles

GAG

:   glycosaminoglycan

MSC

:   mesenchymal stromal/stem cells

MVBs

:   multivesicular bodies

OA

:   osteoarthritis

PCR

:   polymerase chain reaction

TNF-alpha

:   tumor necrosis factor alpha.

![**Characterization of extracellular vesicles derived from two bone marrow MSC donors.** BMMSC-EVs are positive for exosomal markers CD63 and CD9.**(A)** EVs isolated from conditioned medium derived from primary bone marrow MSCs were subjected to sucrose density gradient followed by Western blot analysis for presence of CD63, CD9 or calnexin. Representative western-blots of 3 independent experiments are shown. **(B)** EVs isolated from conditioned medium derived from primary bone marrow MSCs and subjected to sucrose density gradient. The EVs residing in the fractions corresponding to densities 1.1082 g/mL to 1.972 g/mL were pooled and analyzed by immuno-electron microscopy. Representative micrographs of 3 independent experiments are shown. Scale bar is 50 nm. (See also Figure [S1](#SM0){ref-type="supplementary-material"}.) CL- cell lysate.](thnov08p0906g001){#F1}

![**BMMSC-EVs are taken up by chondrocytes derived from OA patients.** CFSE labelled EVs derived from TERT-bone marrow MSC were incubated for 30 min with OA chondrocytes and the uptake of EVs was analyzed by confocal microscopy. Left panel: Representative images of co-localization analyses of CFSE labelled (green) BMMSC-EVs with late endosomal marker LAMP1 (red) in OA chondrocytes are shown. Arrow heads indicate the co-localization (yellow) of BMMSC-EVs with LAMP1. Right panel: Representative images of co-localization analyses of CFSE labelled (green) BMMSC-EVs with early endosomal marker EEA1 (red) in OA chondrocytes is shown. Images are representative of 3 independent experiments. Scale bar is 10 µm.](thnov08p0906g002){#F2}

![**BMMSC-EVs inhibit TNF-alpha-induced inflammatory effects in chondrocytes derived from osteoarthritic patients. (A,B)** Chondrocytes from six OA patients were treated with BMMSC-EVs, BMMSC conditioned medium (BMMSC-CM) or BMMSC conditioned medium depleted of EVs (BMMSC-EDCM) - all equivalent of 500x10^3^ cells - from two healthy allogeneic BMMSC donors for 48 h and with 10 ng/mL TNF-alpha for 24 h. For BMMSC-EVs, equivalent of 500x10^3^ cells equals: \~1.7x10^8^ particles for BMMSC donor 1 and \~1.8x10^9^ particles for BMMSC donor 2 as determined by NTA. Gene expression was analyzed in OA chondrocytes by qRT-PCR. Quantification of data from 3 independent experiments performed in duplicate is shown as mean ± SEM normalized for 18S. \*\*\*\*p\<0.0001; \*\*\* p\<0.001; \*\* p\<0.01; \* p\<0.05. The data are presented as fold changes relative to TNF-alpha treated control. **(C)** Chondrocytes from four OA patients were treated with BMMSC-EVs from one allogeneic BMMSC donor for 48 h and with 10 ng/mL TNF-alpha for 24 h. BMMSC-EVs equivalent of 2.5 x10^6^ cells was added every 24 h hours, which equals \~1.2x10^9^ particles as determined by NTA for this donor. Collagenase activity in chondrocyte conditioned medium is shown. Data from 3 independent experiments are shown as mean ± SEM. \* p\<0.05. **(D)** BMMSC-EVs rescue proliferation of OA chondrocytes abrogated by TNF-alpha. OA chondrocytes were treated with BMMSC-EVs from one allogeneic BMMSC donor for 48 h and with 10 ng/mL TNF-alpha for 24 h. BMMSC-EVs equivalent of 500 x10^3^ cells was added, which equals \~2.4x10^8^ particles as determined by NTA for this donor. Cell proliferation was assessed by EdU assay. Data from 2 independent experiments performed in triplicates are shown as mean ± SEM. \*\*\* p\<0.001; \*\* p\<0.002](thnov08p0906g003){#F3}

![**BMMSC-EVs inhibit TNF-alpha-induced pro-inflammatory NFκB signaling in OA chondrocytes.** Chondrocytes from two OA patients were treated with BMMSC-EVs from one allogeneic BMMSC donor for 24 h and with 10 ng/mL TNF-alpha for 30 min. BMMSC-EVs equivalent of 2.5 x10^6^ cells was added, which equals \~1.2x10^9^ particles as determined by NTA for this donor. **(A)** BMMSC-EVs inhibit TNF-alpha-induced nuclear translocation of p65 subunit of NFκB. Nuclear translocation of p65 subunit of NFκB was assessed by immunofluorescence analysis and confocal microscopy. Representative images of two independent experiments are shown. **(B)** Quantification of data presented in A. Data from 2 independent experiments are shown as mean ± SEM. **(C)** BMMSC-EVs abrogate TNF-alpha-induced phosphorylation of IκBα. The OA chondrocytes were treated as in (A) and lysed in sample buffer directly after treatment. Cell lysates were analyzed by Western-blot for presence of pIκBα. Representative results of two independent experiments performed with chondrocytes of four OA donors are shown.](thnov08p0906g004){#F4}

![**BMMSC-EVs promote proteoglycan production by chondrocytes derived from osteoarthritic patients. (A)** BMMSC-EVs upregulate proteoglycan expression at the protein level in OA chondrocytes. Chondrocytes from OA patients were cultured for 28 days in fibrin glue. The BMMSC-EVs, BMMSC conditioned medium (BMMSC-CM), BMMSC conditioned medium depleted from EVs (BMMSC-EDCM) - all equivalent of 500x10^3^ cells from two healthy allogeneic BMMSC donors - were added every 5 days. For BMMSC-EVs, equivalent of 500x10^3^ cells equals \~1.7x10^8^ particles for BMMSC donor 1 and \~1.8x10^9^ particles for BMMSC donor 2 as determined by NTA. Images of Safranin-O proteoglycan staining of 28 day cultures of chondrocytes from two OA patients are shown. The images are representative of at least 3 independent experiments. Scale bar is 200 µm.**(B)** 28 day chondrocytes cultures from seven OA patients treated as in (A) were digested and analyzed for proteoglycan content (determined as glycosaminoglycans, normalized for DNA). Data of 3 independent experiments are presented as mean ± SEM. \*\*p\< 0.05, \*p\< 0.03. The data are presented as fold increases relative to untreated control. **(C)** The expression of ACAN is upregulated by BMMSC-EVs in OA chondrocytes. Gene expression was analyzed in 28 day culture of OA chondrocytes from 6 OA patients by qRT-PCR. Quantification of data from 3 independent experiments performed at least in duplicates are shown as mean ± SEM normalized for 18S. \* p\< 0.02, \*\*p\< 0.005. The data are presented as fold increases relative to untreated control.](thnov08p0906g005){#F5}

![**BMMSC-EVs promote collagen II production by chondrocytes derived from osteoarthritic patients. (A)** BMMSC-EVs upregulate collagen II protein expression in OA chondrocytes. Chondrocytes from OA patients were cultured for 28 days in fibrin glue. The BMMSC-EVs, BMMSC conditioned medium (BMMSC-CM), BMMSC conditioned medium depleted from EVs (BMMSC-EDCM) - all equivalent of 500x10^3^ cells - from healthy allogeneic BMMSC donor were added every 5 days. For BMMSC-EVs, equivalent of 500x10^3^ cells equals: \~1.7x10^8^ particles for BMMSC donor 1 and \~1.8x10^9^ particles for BMMSC donor 2. Images of collagen II staining of 28 day cultures of chondrocytes from two OA patients are shown. The images are representative of at least 3 independent experiments. Scale bar is 100 µm. **(B)** The expression of COLII is upregulated by BMMSC-EVs in OA chondrocytes. Gene expression was analyzed in 28 day culture of OA chondrocytes from 6 OA patients by qRT-PCR. Quantification of data from 3 independent experiments performed at least in duplicates are shown as mean ± SEM normalized for 18S. \*\* p\< 0.01. The data are presented as fold increases relative to untreated control. **(C)** The expression of genes controlling chondrocyte regeneration is upregulated by BMMSC-EVs. Gene expression was analyzed in 28 day culture of OA chondrocytes from 2 OA patients. Quantification of data from 2 independent experiments performed at least in duplicates are shown as mean ± SEM normalized for 18S. \*\* p\< 0.02; \*p\< 0.05. The data are presented as fold increases relative to untreated control.**(D)** BMMSC-EVs downregulate expression of genes involved in hypertrophic chondrocyte differentiation. Gene expression was analyzed in 28 day culture of OA chondrocytes from 2 OA patients. Quantification of data from 2 independent experiments performed at least in duplicates are shown as mean ± SEM normalized for 18S. \*\* p\< 0.01; \* p\< 0.02. The data are presented as fold increases relative to untreated control. **(E)** BMMSC-EVs promote metabolic activity of OA chondrocytes. Chondrocytes from 2 OA patients were cultured for 5 days in fibrin glue. Where indicated, BMMSC-EVs from one allogeneic BMMSC donor were added to the cultures as equivalent of 500x10^3^ cells (\~2.4x10^8^ particles). At day 5 AlamarBlue assay was performed to determine metabolic activity of the cells. Data of 2 independent experiments performed in triplicates are shown as mean ± SEM. \*\*\*\*p\< 0.0001 **(F)** BMMSC-EVs promote OA chondrocyte proliferation. DNA content of 28 day chondrocytes cultures from 7 OA patients treated as in (A) is presented. Data of 3 independent experiments performed at least in duplicates are shown as mean ± SEM. \*\*\*p\< 0.001, \*\*p\< 0.01, \*p\< 0.05. The data are presented as fold increases relative to untreated control.](thnov08p0906g006){#F6}
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